Abstract Copper-based alloys are widely used in the consumer electronics industry for components such as connector contacts, shielding gaskets, and terminals. Nickel silver is a general term for alloys that contain copper, nickel, and zinc. Nickel silver first became popular as a base metal for silver-plated cutlery and other silverware, notably electro-plated nickel silver, jewelery and coins. In this article, the electrochemical stability of Cu10Ni-10Zn alloy was compared with that of pure copper and two of copper ternary alloys, namely Cu-10Al-10Zn and Cu-10Al-10Ni in synthetic sweat solution, Hank's solution and in Ringer physiological solution. Corrosion behavior of the different electrodes was investigated using cyclic voltammetry, potentiodynamic polarization, and impedance spectroscopy techniques. The CVs showed peaks concerning the redox reactions for copper. These peaks were assigned to the formation and reduction of copper species. Furthermore, they showed that the copper oxidation was suppressed to a large extent by the presence of Ni and zinc in the alloy composition than the presence of Al and Zn or the presence of Al and Ni elements. Also, the results showed that the Cu-10Ni-10Zn alloy exhibited good corrosion resistance due to the formation of a protective passive film. The electrochemical impedance spectroscopy results indicated that either a duplex film with an inner barrier layer and an outer porous layer or a single passive layer was formed on the surface. The formation of such passive film was discussed, and the different alloy surfaces examined by scanning electron microscopy and subjected to EDAX analysis. The surface analysis has shown the participation of the different alloying elements in the passive film according to the alloy constituents.
Introduction
Copper-based alloys are used in a wide variety of applications because of their good physical properties, excellent corrosion resistance, and reasonable price. Copper-nickel alloys are used as condenser tube materials in saline environments, as well as catalysts for hydrogenation and dehydrogenation. Copper-zinc alloys are important in civil engineering, as condenser and heat-exchange tubes in the power generation industry, and also as a decorative material in works of art. There are numerous publications on the electrochemical behavior and corrosion resistance of CuNi and Cu-Zn [1] [2] [3] [4] [5] [6] [7] alloys in different solutions. Recently, copper and many copper alloys have been used as antibacterial materials. The Copper Development Association (CDA) has shown that more than 90 % decrease in viable bacteria can be achieved using copper surfaces in place of plastic and stainless steel surfaces in hospital rooms [8] . Also, the copper alloys containing more than 65 % Cu were used for bedrails, chair arms, bedside tables, intravenous fluids stands, door knobs, and push-plates [8] [9] [10] [11] [12] [13] . In order to minimize the spread of antibiotic resistant diseases in hospitals, there should be an increased utilization of the antimicrobial copper alloys. The corrosion of different metals caused by human hand contact has been studied by many researchers. Burton et al. described the problem of ''rusters'' in industry as the individuals whose hands tarnished the metals that they touched [14] .
Cu-10Al-10Zn
Cu-10Al-10Ni
Cu-10Ni-10Zn He provided an extensive review of the literature that attributed the cause of the corrosion by sweat to be due to the salt of NaCl. A similar result has also been observed by Lind et al. [15] . Lind et al. reported that the main cause of corrosion of metals in contact with synthetic sweat was 95 % attributed to the sodium chloride, while the lactic acid and urea contributed to only about 5 % of the corrosion loss [15] . Jensen et al. compared the corrosive action of palm hand sweat with ''rusters'' on two different steels and showed that corrosion rates increased with increased sweat rates, and he reported that the copper in steel was beneficial in reducing the corrosion of steel in presence of sweat [16] . Colin et al. focused on the composition of the corrosion layers on some of ternary copper alloys in synthetic sweat medium using Fourier transform mass spectrometer and laser microprobe mass analyser [17, 18] . Colin's results showed that the corrosion product thickness layer increased with an increase in copper content. The objective of the present paper is to investigate the electrochemical stability of some copper ternary alloys in synthetic sweat, Hank's solution, and in Ringer physiological solution. The alloys are Cu-10Al-10Zn, Cu-10Al-10Ni, and Cu-10Ni-10Zn. In this respect, polarization techniques and electrochemical impedance spectroscopy, EIS, were used. The surface morphology and chemical composition of the different alloys were examined by SEM and EDX.
Experimental Details
The working electrodes were made from commercial grade Cu-10Al-10Zn, Cu-10Al-10Ni, and Cu-10Ni-10Zn rods prepared in our metallurgical work shop. The prepared alloys are cast alloys without any special treatment. The metallic rods are mounted into glass tubes by two-component epoxy resin leaving a surface area of 0.2 cm 2 to contact the solution. The mass spectrometric analysis of the alloy electrodes is presented in Table 1 . Electrochemical measurements studies were carried out in 100 ml glass cell having three-electrode system assembly. A saturated calomel, SCE, electrode was used as a reference. The auxiliary electrode was a platinum rode. Before each experiment, the working electrode was polished using successive grades emery papers down to 2000 grit, washed thoroughly with distilled water, and then transferred quickly to the electrolytic cell.
Three types of solutions were used: Ringer physiological, Hank solution, and synthetic sweat. Preparation of 1 L of each of the solutions in which the electrodes were immersed was as follows: Hank's solution (pH 7.4) NaCl 8.0 g/L; KCl 0.4 g/L; KH 2 PO 4 0.6 g/L; CaCl 2 0.14 g/L; MgCl 2 Á6H 2 O 0.1 g/L; NaHCO 3 0.35 g/L; NaH 2 PO 4 Á2H 2 O 0.06 g/L; MgSO 4 Á7H 2 O 0.06 g/L; and D-glucose 1.0 g/L [19] . Ringer physiological solution, NaCl 8.60 g/L; KCl 0.3 g/L; and CaCl 2 Á2H 2 O 0.33 g/L, pH 7.4. Artificial sweat solution, NaCl 0.5 %; lactic acid 0.1 %; and urea 0.1 %, adjusted to pH 6.5 with ammonia [20] . All the solutions were prepared using distillated water and analytical grade reagents. Prior to all electrochemical measurements, the working electrode was immersed in the different test solutions for 1 h to attain a steady state open circuit potential. All experiments were performed using 100 mL of test solutions under naturally aerated and unstirred conditions. The polarization experiments and electrochemical impedance spectroscopic investigations were performed using a Voltalab PGZ 100 ''All-in-one'' Potentiostat/Galvanostat. The potentials were measured against and referred to the standard potential of the SCE [0.245 V vs. the standard hydrogen electrode (SHE)]. The polarization experiments were carried out at a scan rate of 5 mVs -1 and the cyclic voltammetry measurements were carried out using a scan rate of 10 mVs -1 in the potential range -800 to 600 mV. Electrochemical impedance spectroscopy measurements were made over a frequency range of 100 kHz-100 mHz at the stable open circuit potential. The superimposed ac-signal amplitude was 10 mV peak to peak as assigned by the measuring system. The surface morphology and the constituent elements of the different electrodes were investigated by scanning electron microscope, SEM, equipped with energy dispersive spectroscope, EDS, (model ISPECT S 2006, FEI Company, Holland). 3 Results and Discussion
Cyclic Polarization Measurements
The cyclic voltammograms for the three Cu alloys under investigation were recorded in Ringer physiological solution at a scan rate of 10 mV s -1 . Figure 1 presents the results of potential cycling in the potential range -800 to ?600 mV. For studies, the effect of alloying elements on the stability of Cu in the test solution the CV of Cu is recorded and presented in Fig. 1 . For the three different investigated alloys, the CV curve is characterized by a single anodic peak and one cathodic peak. Generally, cyclic voltammograms for copper and copper alloys often show two anodic peaks, the first is related to the formation of CuCl film on the metal surface. The breakdown of this film by the complexation-dissolution and copper oxidation results in the second peak [21, 22] . The presence of only one anodic peak for the three alloys can be explained by the formation of Al and/or Zn hydroxide/oxide layer along with the CuCl surface layer, which prevents its breakdown [21, 23] . The Al and/or Zn hydroxide layer prevents the direct copper-chloride reaction on the surface and shifts it to higher potentials, and so the first peak is inhibited and only one anodic peak in the CV diagram could be recorded. For Cu alloys containing Ni, the dissolution of copper is inhibited, especially in the presence of Zn. The shape of the anodic part of the voltammogram changes from a peak for Cu-10Al-10Zn and Cu-10Al-10Ni to a hump for a Cu10Ni-10Zn alloy. The surface layer formed on the latter thus appears to be somewhat more protective in chloride media than that formed on the former alloys. Figure 2 represents the CVs of the Cu-10Ni-10Zn alloy in naturally aerated synthetic sweat, Hank's, and in Ringer physiological solutions. The same curves also recorded for Cu-10Al-10Zn and Cu-10Al-10Ni but were not shown. For different alloys and in different solutions, only one anodic peak was observed. From Fig. 2 , we can see that the low anodic current peak was recorded in synthetic sweat solution for the different alloys. This due to the lower chloride ion content (cf. solutions composition). In chloride-free solution at pH 6.5, this surface layer would consist of Cu 2 O, formed according to the reaction [24] :
In solutions containing chloride ions, however, the formation of soluble species is thermodynamically preferred, due to the high stability of copper-chloride complexes. The tendency to form copper-chloride complexes is dominant, it destabilizes the formation of copper oxides, and extends the solubility range of copper in near-neutral solutions to higher pH values and lower potentials [25] . Copper dissolves anodically to form CuCl 2 -complexes according to the following reaction [26] :
The anodic peak thus denotes the formation of Cu 2 O directly from Cu metal or by hydrolysis of soluble complexes in the vicinity of the electrode surface [2, 27]:
The formation of a partially protective surface layer leads to the passivation of the surface. In the reverse scan, a The stability of Cu-10Ni-10Zn alloy in synthetic sweat solution also studied the cyclic voltammetry measurements. Figure 3 shows the cyclic voltammogram of Cu10Ni-10Zn alloy after immersion for 1 and 40 h in synthetic sweat solution. It was noticed that the shape of the voltammogram did not change remarkably with time. This means that the stability of this alloy was high. Figure 4 presents the potentiodynamic polarization behavior of Cu, Cu-10Al-10Zn, Cu-10Al-10Ni, and Cu10Ni-10Zn alloys in Hank's solution, Ringer physiological solution, and synthetic sweat solution. The corrosion parameters i.e., corrosion potential, E corr , corrosion current density, i corr , the anodic, ß a and cathodic, ß c , Tafel slopes, and corrosion rate are calculated from polarization data and presented in Table 2 . It is obvious that the addition of alloying elements (Al, Zn, and Ni) to Cu shifted the corrosion potential to positive direction in Ringer solutions, while in Hank's and synthetic sweat solution was shifted to negative direction. Also, the results show that the presence of Al and Zn in the Cu matrix did not improve the corrosion resistance of the material. In the contrary, the Cu alloys that contain Ni have higher corrosion resistance than that of Cu itself (cf. Table 2 ). The addition of Ni to Cu leads to an increase in the corrosion resistance of the alloy, especially in the presence of Zn. The Cu-10Ni-10Zn alloy has shown the lowest corrosion rate, especially in synthetic sweat solution. Oxides of Ni, Zn, and the corrosion products form a compact layer tightly bonded to the alloy surface, and so corrosion resistance of Cu-10Ni-10Zn alloy is improved. The remarkable difference in the corrosion current density values of the three different alloys measured under the same conditions means that the composition of the barrier layer formed on the three alloys is not identical. It has been generally accepted that the corrosion of Cu and Cu-based alloys in naturally aerated neutral solutions containing chloride ions involves the cathodic reduction of oxygen [28, 29] . The anodic reaction is the copper dissolution is shown in Eq. 2 [30] . It was suggested that the presence of CuCl 2 -at the metal surface leads to a hydrolysis reaction and the formation of Cu 2 O [19] . In the ternary, Al-containing alloys an additional passivation process is taking place in neutral solutions in which a layer of Al-oxide is formed as a result of the surface dissolution of Al [30, 31] according to:
Potentiodynamic Polarization Curves
Chloride is well-known to initiate pitting corrosion of Al and thereby destroy the passivating properties of the base metal [32, 33] . So, Al was unable to form a protective film on the alloys in the different solutions. Additionally, the presence of chloride ions in solution might enhance the solubility of copper since chloride is a weak complexing agent for the formation of monovalent complexes such as CuCl(aq), CuCl 2 -, CuCl 2 -3 but also the divalent complex CuCl ? . In the Zn-containing alloys, an additional passivation process is taking place due to the formation of Znoxide film during a dezincification process according to [34] :
In the presence of Ni, the dissolved nickel ions from alloy dissolution are incorporated into the crystal lattice of Cu 2 O that is already formed as a barrier layer. The segregates of Ni into the Cu 2 O layer occur via solid-state reaction and the Ni 2? interact with the mobile cation vacancies, which lead to a decrease in the ionic conductivity and an increase in the electronic conductivity of the film, and hence the corrosion resistance of the alloy increases [35, 36] . Also, Dealloying is believed to be greatly dependent on the difference between the standard reversible potentials of major constituent elements, atomic percent composition, and on the kinetics of the solid-state diffusion of the alloyed elements. Dealloying of Cu alloys containing Al and Zn occurs in neutral to lower pH solutions as a result of selective dissolution of Zn and Al, respectively [37] . For dealloying in NaCl, the generally held view is that Cu-Al solid solution is less susceptible to dealloying than Cu-Zn solid solutions [38] . For Cu-Ni alloys, dealloying is more difficult since the difference between the standard reversible potentials for Cu and Ni are much lower and hence dealloying is very limited in this system. The calculated values of the rate of corrosion of the three different alloys in the same solution and under the same conditions show clearly that the Cu-10Ni-10Zn alloy is the most stable alloy in this medium. As presented in Table 2 , it seems that the presence of Ni and Zn together in the copper alloy increases the corrosion resistance of the alloy to a large extent. Figure 5 presents the potentiodynamic polarization curves of Cu-10Ni-10Zn in the Hanks, Ringer, and synthetic sweat solutions. The results show the similarity of the curves, and the corrosion current density of Cu-10Ni-10Zn in Hanks and Ringer solutions is more than that recorded in synthetic sweat solutions. The same trend was also observed with the two alloys. This is due to the concentration of chloride ions in Hank's and Ringer physiological solution, which is almost double in the artificial sweat. When cupronickel is subjected to prolonged anodic polarization, the dissolution of copper may give rise to CuCl 2 -which in turn becomes Cu 2 O. The alloy surface is covered by the film. The copper ion concentration within the film thickness decreases gradually. The migration of monovalent copper ions away from the alloy surface generates cation vacancies [36] as
where Cu Cu (ox) is a monovalent copper ion site inside the film; V 0 Cu (ox) is vacancy of copper ions. When the electrode is made anodic, the cations move away from the electrode while cation vacancies travel towards it,
where Cu Cu (M) is the cationic site in the alloy, V Cu (M) is the vacancy created by the copper cation in the alloy. When nickel dissolution potential is reached, Ni 2? ions try to occupy the cation vacancies,
where Ni Cu (ox) is the site where nickel divalent cation occupies the vacancy created by copper in the oxide. With the passage of time, outward diffusion of nickel ions occurs from the alloy/film interface to the inside of the film. This generates additional cation vacancies in the alloy. As the formation of soluble NiCl 2 is more favorable than that of CuCl 2 , nickel ions leave faster from the oxide layer, which in turn generates further vacancies in the film,
Chloride ions adsorb on the surface of the film and try to occupy the vacancies created by the oxygen ions of Cu 2 O [39] [40] [41] [42] . The inward diffusion from the solution/film interface inside the film is facilitated by anodic polarization,
As the chloride ion incorporation in the film increases, the number of oxygen vacancies occupied by chloride ions also increases. Chemical stability is decided by the copper and chloride ions ratio in this film.
The effect of immersion time on the stability of Cu10Ni-10Zn in sweat solution was studied. Figure 6 shows the potentiodynamic polarization of Cu-10Ni-10Zn in sweat solution after 1 and 40 h of immersion. From Fig. 6 , it is seen that two curves are the same and the corrosion rate is not changed. This means that the stability of this alloy is higher.
Electrochemical Impedance Spectroscopy (EIS)
The impedance data of Cu and the different alloys were recorded after alloy immersion in Ringer, sweat, and Hank's solutions and presented as Bode and Nyquist plots. Impedance spectra of Cu, Cu-10Al-10Zn, Cu-10Al-10Ni, and Cu-10Ni-10Zn alloys in three electrolytes at the E ocp are presented as Bode and Nyquist plots in Figs. 7 and 8. It is clear from Fig. 7 that the Cu and the different investigated alloys exhibit different spectra in different solutions. This can be explained by the structural changes or changes in the ionic or electrical conductivity of the surface film. In Ringer, sweat, and Hank's solutions, the impedance spectra of Cu and Cu-10Al-10Zn alloy exhibit one time constant, while Cu-10Al-10Ni and Cu-10Ni-10Zn alloys exhibit two time constants (cf. Fig. 8 ). Those can be divided into R s solution resistance, R ct charge-transfer resistance, C dl double layer capacitance, R pf passive film resistance, and C pf passive film capacitance two distinct frequency regions: the time constant in the high-frequency part, which arises from the uncompensated ohmic resistance due to the electrolytic solution and the impedance characteristics resulting from the penetration of the electrolyte through a porous film, and the low-frequency part accounting for the processes taking place at the substrate/electrolyte interface [43] . These behaviors imply the formation of a duplex film with an inner barrier layer and an outer porous layer on the surface of Cu-10Al-10Ni and Cu-10Ni-10Zn alloys. So these observed characteristics may indicate the films formed on these alloys in different solutions were corrosion resistant. While in case of Cu and Cu-10Al-10Zn, only one time constant was noticed in different solutions. From Bode phase plot, it can be noted that the phase angle drops toward zero degree at very high-frequency, and in the low-frequency region, it drops slightly again toward lower values; the former indicated that the impedance is dominated by solution resistance in this frequency range and the latter demonstrated the contribution of surface film resistance to the impedance. It is clear that the Cu-10Ni-10Zn has the highest total impedance and the higher and more flat phase maximum indicating its passive behavior [44] . The impedance data were analyzed using software provided with the impedance system where the dispersion formula was used [5, 45, 46] . For a simple equivalent circuit model consisting of a parallel combination of a capacitor, C dl , and a resistor, R ct , in series with a resistor, R s , representing the solution resistance, the electrode impedance, Z, is represented by the mathematical formulation:
where a denotes an empirical parameter (0 B a B 1) and f is the frequency in Hz [28] . To account for the presence of a passive film, the impedance data were analyzed using the equivalent circuit model shown in Fig. 8 (inset) , where another combination R pf C pf represent the passive film resistance, R pf , and the passive film capacitance, C pf , was introduced. The calculated equivalent circuit parameters for the different alloys are presented in Table 3 . The passive film resistance, R pf , of Cu-10Ni-10Zn alloy is remarkably, higher than that recorded for the other two alloys. The recorded high corrosion resistance of the Cu10Ni-10Zn alloy can be attributed to the formation of a uniform passive layer on the alloy surface that is related to the complex metallurgical structure of alloys containing Ni and Zn. The lowest value of the film resistance, which is the highest corrosion rate, was found in Hank's solution and decreased in the following order: Hank's solution \ Ringer physiological solution [ synthetic sweat solution. The minor corrosion resistance of the different alloys in Hank's solution and Ringer physiological solution might be due to the high concentration of chloride anions, making them aggressive electrolytes. Another noticeable fact is that different alloys exhibited a major resistance to corrosion when immersed in synthetic sweat solution. This is in good agreement with results from the anodic polarization.
SEM and EDX Analyses
SEM and EDX analyses were used to define the morphology of surface attack and the chemical composition of corrosion products. The morphology of the different Cuternary alloy surfaces was investigated before and after 10 h immersion in synthetic sweat solution. Figure 9 presents the SE micrograph and EDAX analyses of mechanically polished Cu-ternary alloys. The SE micrographs for the Cu-10Al-10Zn, Cu-10Al-10Ni, and Cu-10Ni-10Zn alloys after the immersion in synthetic sweat solution are presented in Fig. 10 . It turned out that the alloys containing Ni and Zn together possesses smother surface, with respect to the SE micrograph before the immersion in synthetic sweat solution compared to that containing Al, where the surface becomes roughness and the corrosion sites increases. Also, the Cu-10A-10Zn alloys show more pits than the other two alloys indicating the higher corrosion rate of this alloy in synthetic sweat solution. The surface of the three alloys before and after immersion in synthetic sweat solution was subjected to EDAX analysis and the results of these investigations are presented in Figs 
Conclusions
The corrosion rates of Cu, Cu-10Al-10Zn, Cu-10Al-10Ni, and Cu-10Ni-10Zn alloys in Hank's solution and Ringer physiological solutions higher than that recorded in synthetic sweat solution. Addition of Ni decreases the rate of corrosion of the Cu, and the Cu-10Ni-10Zn was found to be the most corrosion-resistant alloy. The EIS results have shown that the film resistance increased in the following order: Hank's solution [ Ringer physiological solution [ synthetic sweat solution.
